Treatment of C2C12 muscle cells with metformin or the NR4A1 ligand 1,1-bis(3 0 -indolyl)-1-(phydroxyphenyl)methane (DIM-C-pPhOH) induced NR4A1 and Glut4 messenger RNA and protein expression. Similar results were observed with buttressed (3-or 3,5-substituted) analogs of DIM-CpPhOH, including 1,1-bis(3 0 -indolyl)-1-(3-chloro-4-hydroxy-5-methoxyphenyl)methane (DIM-C-pPhOH-3-Cl-5-OCH 3 ), and the buttressed analogs were more potent than DIM-C-pPhOH NR4A1 agonists. Metformin and the bis-indole substituted analogs also induced expression of several glycolytic genes and Rab4, which has previously been linked to enhancing cell membrane accumulation of Glut4 and overall glucose uptake in C2C12 cells, and these responses were also observed after treatment with metformin and the NR4A1 ligands. The role of NR4A1 in mediating the responses induced by the bis-indoles and metformin was determined by knockdown of NR4A1, and this resulted in attenuating the gene and protein expression and enhanced glucose uptake responses induced by these compounds. Our results demonstrate that the bis-indole-derived NR4A1 ligands represent a class of drugs that enhance glucose uptake in C2C12 muscle cells, and we also show that the effects of metformin in this cell line are NR4A1-dependent. (Endocrinology 159: 1950(Endocrinology 159: -1963(Endocrinology 159: , 2018 T he orphan nuclear receptor (NR) family has been characterized as a collection of NRs that share many structural domain similarities with other NRs; however, their endogenous ligands are unknown (1). The three NR4A receptors NR4A1 (Nur77), NR4A2 (Nurr1), and NR4A3 (Nor1) have marked structural similarities in their ligand binding domains and DNA binding domains, whereas their N-terminal (A/B) domains containing activation function 1 are highly divergent (2-5). NR4A receptors were initially defined as nerve growth factorinduced-b receptors that bind as monomers to a nerve growth factor-induced b response element (NBRE; AAAGGTCA) (5-9). NR4A receptors also bind as a homodimer or heterodimer to a Nur-responsive element (TGATATTACCTCCAAATGCCA), and both NR4A1 and NR4A2 can also bind as heterodimers with the retinoid X receptor to a DR5 motif (10, 11). The initial discovery of NR4A receptors was linked to their rapid induction by multiple stimuli in various tissues/cells and organs, and these responses play a role in coping with both exogenous and endogenous stressors (12, 13).
3-Cl-5-OCH 3 ) , and the buttressed analogs were more potent than DIM-C-pPhOH NR4A1 agonists. Metformin and the bis-indole substituted analogs also induced expression of several glycolytic genes and Rab4, which has previously been linked to enhancing cell membrane accumulation of Glut4 and overall glucose uptake in C2C12 cells, and these responses were also observed after treatment with metformin and the NR4A1 ligands. The role of NR4A1 in mediating the responses induced by the bis-indoles and metformin was determined by knockdown of NR4A1, and this resulted in attenuating the gene and protein expression and enhanced glucose uptake responses induced by these compounds. Our results demonstrate that the bis-indole-derived NR4A1 ligands represent a class of drugs that enhance glucose uptake in C2C12 muscle cells, and we also show that the effects of metformin in this cell line are NR4A1-dependent. (Endocrinology 159: 1950 (Endocrinology 159: -1963 (Endocrinology 159: , 2018 T he orphan nuclear receptor (NR) family has been characterized as a collection of NRs that share many structural domain similarities with other NRs; however, their endogenous ligands are unknown (1) . The three NR4A receptors NR4A1 (Nur77), NR4A2 (Nurr1), and NR4A3 (Nor1) have marked structural similarities in their ligand binding domains and DNA binding domains, whereas their N-terminal (A/B) domains containing activation function 1 are highly divergent (2) (3) (4) (5) . NR4A receptors were initially defined as nerve growth factorinduced-b receptors that bind as monomers to a nerve growth factor-induced b response element (NBRE; AAAGGTCA) (5) (6) (7) (8) (9) . NR4A receptors also bind as a homodimer or heterodimer to a Nur-responsive element (TGATATTACCTCCAAATGCCA), and both NR4A1 and NR4A2 can also bind as heterodimers with the retinoid X receptor to a DR5 motif (10, 11) . The initial discovery of NR4A receptors was linked to their rapid induction by multiple stimuli in various tissues/cells and organs, and these responses play a role in coping with both exogenous and endogenous stressors (12, 13) .
NR4A1, NR4A2, and NR4A3 are rapidly induced by cyclic adenosine monophosphate in mouse hepatocytes and by glucagon in mouse liver; however, knockdown/ overexpression and genetic studies with NR4A1 give conflicting results with respect to the role of NR4A1 in metabolic disease (14) . In db/db (diabetic) mice injected with an adenoviral-NR4A1 construct, there was an increase in blood and hepatic glucose levels, whereas a dominant negative adenoviral-NR4A1-M1 construct decreased blood glucose levels and other parameters consistent with a diabeteslike condition (14) . In contrast, loss of NR4A1 in wild-type mice maintained on a high-fat diet (HFD) resulted in increased obesity and markers of insulin resistance and hepatic steatosis (15) , and it was apparent that NR4A1 was particularly important for muscle glycolysis and glucose uptake in HFD-induced insulin resistance model (15, 16) . Studies have identified synthetic NR4A1 ligands such as cytosporone B and a structurally related compound, [2,3,4-trimethoxy-6-(ioctanoyl)phenyl] acetate (16) (17) (18) , that both enhance and decrease serum glucose levels through their activity as NR4A1 agonist and antagonist activities, respectively, based primarily on their modulation of hepatic gluconeogenesis (16, 17) .
Cytosporone B and related compounds activate nuclear NR4A1 but also induce nuclear translocation of the receptor (16) (17) (18) ; in contrast, studies in this laboratory have identified a series of 1,1-bis(3 0 -indolyl)-1-(psubstituted phenyl)methane (C-DIM) compounds that act as nuclear NR4A1 ligands (19) (20) (21) (20) and acted as an NR4A1 antagonist in solid tumor-derived cancer cell lines and inhibited NR4A1-dependent cancer cell growth, survival, and migration (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Because DIM-C-pPhOH has a short serum half-life (29), we have synthesized a series of 3-and 3,5-substituted (buttressed) analogs of DIM-C-pPhOH to inhibit metabolism (conjugation), and these compounds are significantly more potent than the parent compound as anticancer agents (30) . In this study, we show that DIM-C-pPhOH and related compounds activate glycolysis, induce Glut4, and enhance glucose uptake in C2C12 muscle cells. The results indicate that C-DIM/NR4A1 ligands represent a new class of NR4A1-dependent agents that enhance glucose metabolism and also show that metformin induces similar responses in C2C12 cells that are also NR4A1-dependent.
Materials and Methods

Chemicals, antibodies, and cell culture
Antibodies against the following proteins are summarized in Table 1 . The C-DIM compounds were synthesized by condensing 2 mol equivalents of indole and 1 mol equivalent of DIM-CpPhOH, 3-chloro-4-hydroxybenzaldehyde (DIM-C-pPhOH-3-Cl), 3-chloro-4-hydroxy-5-methoxybenzaldehyde (DIM-C-pPhOH-3-Cl-5-OCH 3 ), and 3,5-dibromo-4-hydroxybenzaldehyde (DIM-CpPhOH-3,5-Br 2 ) essentially as described (20) , and all compounds were .98%pure. Indole and the substituted benzaldehydes metformin and 5-amino-4-carboxamide ribonucleotide (AICAR) were purchased from Sigma-Aldrich (St. Louis, MO). Mouse myoblasts C2C12 cells were obtained from American Type Culture Collection (Manassas, VA) and were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and antibiotics at 37°C in an incubator with 5% CO 2 differentiation induced by switching to differentiation medium with Dulbecco's modified Eagle medium containing 2% horse serum for 5 days.
Western blot analysis
C2C12 cells were seeded on six-well plates and treated for 24 hours with either dimethyl sulfoxide (DMSO) or different concentrations of C-DIM compounds for different time periods. Following treatment of the cells, media was aspirated and cells were washed twice in ice-cold phosphate-buffered saline (PBS) and lysed using radioimmunoprecipitation assay lysis buffer. The whole lysates were then heated for 5 minutes at 95°C, the supernatants were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, and proteins were transferred to polyvinylidene difluoride membranes. The blots were incubated overnight at room temperature with primary antibodies to a 1-hour incubation with horseradish peroxidase-conjugated secondary antibodies at room temperature. The blots were then visualized via enhanced chemilumescent reagent.
RNA isolation and reverse transcription polymerase chain reaction
Total RNA was isolated from cultured cells according to the manufacturer's instructions (Zymo Research, Irvine, CA). The concentration and purity of the RNA samples were determined using a nanodrop spectrophotometer. Total RNA (2 mg) was reverse transcribed using iTaq Universal SYBR Green One-Step Kit (Thermo Fisher Scientific, Grand Island, NY), and the samples were amplified using corresponding primers (NR4A1, GLUT4, PHKG1, PGAM2, PYGM, PFKM, GPD1, ENO3, and ALDO1) ( Table 2 ). Glyceraldehyde 3-phosphate 
Glucose uptake
The amount of glucose uptake in C2C12 myotubes was measured using the Glucose Uptake-Glo Assay Kit (Promega, Madison, WI) according to the manufacturer's instructions. For measuring glucose uptake in C2C12 cells based on the detection of 2-deoxyglucose-6-phosphate, after 24 hours of drug treatment, C2C12 myotubes were placed in 1 mL of glucose-free medium containing 2-deoxyglucose-6-phosphate in 96-well plates for 3 hours. The luminescence intensity in the cells was then analyzed in a luminometer.
Overexpression of NR4A1
C2C12 cells were seeded in six-well plates and allowed to differentiate for 5 days. For differentiation, C2C12 cells were washed once with PBS, and then 2% horse media was added every day. After differentiation, an NR4A1 expression plasmid was transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA), and after 48 hours, cells were harvested for determining protein and messenger RNA (mRNA) expression.
Immunofluorescence C2C12 cells were seeded in Nunc chambered coverglass and allowed for differentiation, followed by various drug treatments. The cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at 37°C. Cells were then blocked and incubated overnight with primary GLUT4 antibody in buffer (5% bovine serum albumin in PBS) at 4°C, followed by incubation with Alexa Fluor conjugated secondary antibody at a dilution of 1:250 for 2 hours at room temperature. Finally, cells were observed using a Zeiss confocal fluorescence microscope.
Silencing NR4A1
C2C12 cells were seeded in six-well plates and allowed to grow to 70% confluence for 24 hours, and 2% horse serum media was changed every day during 5 days of differentiation. After differentiation, transfections were performed with transfection reagent (Lipofectamine 2000; Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Both siNR4A1 (Santa Cruz Biotechnology, Dallas, TX) and nontargeted control small interfering RNAs were used. Six hours after transfection, the medium was replaced with fresh medium and left for 48 hours.
After treatment with various drugs for 24 hours, the cells were harvested for determining protein and mRNA expression after transfection.
Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was performed using ChIP-IT Express Magnetic Chromatin Immunoprecipitation Kit (Active Motif, Carlsbad, CA) according to the manufacturer's protocol. C2C12 cells (5 3 10 6 cells) were seeded and allowed to differentiate for 5 days, followed by various drug treatments for 24 hours. The ChIP assay was carried out as previously described (19, 25, 27) . The GLUT4 primers were 5 0 -TTA AGT CAA CCA GGC GCA GT-3 0 (sense) and 5 0 -GGC TGG CCT TGA ATT TGC TG-3 0 (antisense), the PYGM primers were 5 0 -CTG CCC GAC TTA AGG ACC TG-3 0 (sense) and 5 0 -GCT CTG TGC CCG ACA AGC AGG-3 0 (antisense), and they then respectively amplified a region of mouse promoter GLUT4 and PYGM, which contained the NR4A1 binding sequences. Polymerase chain reaction (PCR) products were resolved on a 2% agarose gel in the presence of ethidium bromide.
Animal treatment and housing
Commercially available (Jackson; catalog no. 380050), 18-week-old C57BL/6JD10 mice maintained for 12 weeks on a 60% HFD (Research Diets; catalog no. D12492) were treated with DIM-C-pPhOH-3-Cl-5-OCH 3 (25 mg/kg/d) or control vehicle (corn oil) by oral gavage every second day for 8 weeks.
Mice were kept in a standard housing facility in the Laboratory Animal Research and Resources Core Facility (Comparative Medicine Program, Texas A&M University). Mice were maintained under a 12-hour light cycle and at a monitored ambient temperature of 23°C. All procedures were approved by the Institutional Animal Care and Use Committee at Texas A&M University. Eight to 10 animals were used for each treatment group. Muscle tissue was obtained and analyzed for Glut4 mRNA by real-time PCR.
Statistical analysis
All of the experiments were repeated a minimum of three times. The data are expressed as the mean 6 standard error (SE). One-way analysis of variance was used to determine statistical significance. P values ,0.05 were considered statistically significant. GGGGTCGTTGATGGCAACA  NR4A1  ATGCCTCCCCTACCAATCTTC  CACCAGTTCCTGGAACTTGGA  GLUT4  ACATACCTGACAGGGCAAGG  CGCCCTTAGTTGGTCAGAAG  PHKG1  CCTTAACCGAGAAGGAAACCA  TGAGTTTGTGCAGGGTACAGA  PYGM  AGTGGAGGACGTGGAAAGG  GCTCAGGAATTCGGTCGTAG  PGAM2  TACACCTCCATCAGCAAGGA  GCAATGGTGTCCTTGAGACTT  PFKM  TTGAGGAACCCTTCACCATT  TCTTCTGCACCAGATGTTCAA  GPD1  AGACCTCATCACGACCTGCT  CCAGCTGCTCAATGGACTTT  ENO3  TCCCGTGGTCTCCATTGAG  CCACCCCAGAGAGGAATGAG  ALDO1 AATGTTCTGGCCCGTTATGC CCGCCAGGACCTTCTCAGTA Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
Results
Previous studies showed that overexpression of NR4A1 protected against dietary-induced obesity in animal models, and in skeletal muscle C2C12 cells, NR4A1 overexpression was accompanied by increased levels of Glut4 mRNA and several glycolytic genes (15, 31) . We also showed in C2C12 cells transfected with an NR4A1 expression plasmid increased mRNA expression of several glycolytic genes, including phosphoglycerate mutase 2 (Pgam2), phosphorylase kinase g1 (Phkg1), muscle glycogen phosphorylase (Pygm), muscle phosphofructokinase (Pfkm), glycerol-3-phosphate dehydrogenase 1 (Gpd1), enolase-3 (Eno3), and aldolase-1 (Aldo1) (Fig. 1A) . Figure 1B illustrates levels of NR4A1 protein expression (flag-tagged) in C2C12 cells transfected with the NR4A1 expression plasmid, and 100 ng was used for subsequent overexpression studies. DIM-C-pPhOH (Fig. 1C ) has previously been identified as a high-affinity ligand for NR4A1 (20) (K D ;0.1 mM), and this compound induced expression of Phkg1, Pgam2, and Pygm mRNA in differentiated C2C12 cells. In contrast, Pfkm, Gpd1, Eno3, and Aldo-1 mRNA levels were not induced by DIM-C-pPhOH, whereas metformin induced all seven glycolytic genes.
Ongoing studies in cancer cell lines show that buttressed analogs of DIM-C-pPhOH (3-and 3,5-substituted) are at least fourfold more potent than the parent compound in terms of activating NR4A1-responsive genes (30) , and Fig. 2A shows that DIM-C-pPhOH-3-Cl significantly induced Phkg1, Pgam2, and Pygm at 0.5 to 5 mM , and recruitment of NR4A1 to the NBRE regions of the PYGM and GLUT4 promoter was determined in a ChiP assay. IgG, immunoglobulin G; Met, metformin.
concentrations but did not induce expression of Pfkm, Gpd1, Eno3, or Aldo1 mRNA. DIM-C-pPhOH-3-Cl-5-OCH 3 induced expression of five glycolytic genes (Phkg1, Pgam2, Pygm, Pfkm, and Gpd1) (Fig. 2B) , and DIM-CpPhOH-3,5-Br 2 induced Phkg1, Pgam2, Pygm, and Pfkm mRNA levels (Fig. 2C) . Metformin induced all seven glycolytic genes; however, DIM-C-pPhOH-3-Cl-5-OCH 3 was significantly more potent than metformin as an inducer of Phkg1, Pgam2, and Pygm mRNA. A previous study showed that overexpression of NR4A1 increased binding of the receptor to NBREs in the Glut4 and Pygm genes (31) , and results in Fig. 2D show that treatment with metformin or DIM-C-pPhOH-3-Cl-5-OCH 3 also increased NR4A1 binding to these regions as determined in a ChIP assay. The failure of the 5 mM DIM-C-pPhOH-3-Cl-5-OCH 3 to recruit NR4A1 to the gene promoters may be due to the time-dependent cycling of nuclear factors on the promoter; this assay examined interactions with the promoter at only one time point (24 hours). We also observed that DIM-C-pPhOH (Fig. 3A) , the buttressed analogs DIM-C-pPhOH-3-Cl (Fig. 3B) , DIM-C-pPhOH-3,5-Br 2 (Fig. 3C) , and DIM-C-pPhOH-3-Cl-5-OCH 3 (Fig. 3D) , and metformin (Fig. 3E ) induced NR4A1 and Glut4 mRNA levels, and for these responses, the buttressed analogs were more potent than DIM-CpPhOH. Interestingly, we observed that metformin not only induced Glut4 (Fig. 3E) as previously described (32) , but this was also accompanied by induction of NR4A1. In addition, we also observed that DIM-CpPhOH-3-Cl-5-OCH 3 induced Glut4 mRNA in muscle tissue in mice maintained on an HFD (Fig. 3F) , confirming that comparable responses were observed in cell culture (C2C12 cells) and in vivo. Figure 4A -4D summarize the concentration-dependent effects of DIM-C-pPhOH, DIM-C-pPhOH-3,5-Br 2 , DIM-C-pPhOH-3-Cl, and DIM-C-pPhOH-3-Cl-5-OCH 3 on expression of several gene products associated with antidiabetic activity in C2C12 cells. All NR4A1 ligands induced expression of NR4A1 and Glut4 proteins, and this correlated with their effects on expression of the corresponding genes (Fig. 3) . A previous publication indicated that metformin activated 5' adenosine monophosphate-activated protein kinase (AMPK)-dependent induction of Rab4, which subsequently plays a role in membrane uptake of Glut4 (32) , and in this study, the NR4A1 ligands also activated AMPK and induced Rab4 protein expression. A direct comparison of the concentration-and time-dependent effects of DIM-CpPhOH-3-Cl-5-OCH 3 and metformin on this same set of responses was also determined (Fig. 4E and 4F) , and we observed activation of AMPK by concentrations as low as 1 mM DIM-C-pPhOH-3-Cl-5-OCH 3 and 1 mM metformin within 6 hours after treatment. Induction of Rab4 and NR4A1 was observed only after 12 to 24 hours of treatment. Previous studies show that activation of AMPK and induction of Rab4 by metformin are associated with Glut4 membrane localization and increased glucose uptake in C2C12 cells (32) , and results in Fig. 4G show that metformin and the C-DIM/NR4A1 ligands induced glucose uptake into C2C12 cells. These results are consistent with the western blot data in Fig. 4A-4F showing induction of Glut4 protein. We also observed that DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin induced Glut1 expression in C2C12 cells (Fig. 4H) , and these same compounds also induced sestrin 2 (Fig. 4I) , which is an upstream activator of AMPK (33, 34) . Induction of sestrin 2 by C-DIM/NR4A1 ligands in cancer cells was reactive oxygen species-dependent and reversed after cotreatment with glutathione (22) (23) (24) , and similar results were observed in C2C12 cells (Fig. 4I) . The C-DIM/NR4A1 compounds had minimal effects on insulin-induced glucose uptake in C2C12 cells (data not shown). We also observed induction of Glut1 protein by both metformin and DIM-C-pPhOH-3-Cl-5-OCH 3 (data not shown). AICAR activates AMPK, and treatment of C2C12 cells with this compound induced expression of NR4A1, Glut4, PHKG1, and PFKM mRNA (Fig. 5A ) and PYGM mRNA (Fig. 5B) , demonstrating the importance of AMPK activation in mediating expression of these genes. Combinations of AICAR plus metformin or DIM-C-pPhOH-3-Cl-5-OCH 3 further enhanced expression of these genes (Fig. 5A and 5B). AICAR and the same binary drug combinations also increased NR4A1, p-AMPK, and Rab4 protein expression (Fig. 5C) , further confirming the role of activated MAPK in mediating the C-DIM/metformin-mediated responses.
Results in Fig. 6 summarize confocal microscopic analysis of Glut4 expression in C2C12 cells treated with DIM-C-pPhOH-3-Cl-5-OCH 3 (5 and 10 mM) and 1 mM metformin. Cells were fixed and immunostained with b-actin, Glut4, and 4 0 ,6-diamidino-2-phenylindole (DAPI) and analyzed by confocal microscopy. The individual merged images show that both DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin induce Glut4 staining (green), and the merged images show that Glut4 is primarily extranuclear.
Results summarized in Figs. 1-6 demonstrate that, with the exception of some glycolytic genes, the C-DIM/ NR4A1 ligands and metformin induced a similar spectrum of genes/responses, suggesting a possible common mechanism of action that involves NR4A1, and this was further investigated by RNA interference and knockdown of NR4A1 (siNR4A1). Immunostaining and confocal microscopy were also used to investigate the role of NR4A1 in mediating the induction of Glut4 by 10 mM DIM-C-pPhOH-3-Cl-5-OCH 3 and 1 mM metformin (Fig. 7) . Both compounds induced Glut4 expression, as evidenced by enhanced immunostaining (green), and there was colocalization with b-actin (extranuclear). Moreover, in cells transfected with siNR4A1 (knockdown) and treated with the compounds, there was a marked reduction in Glut4 immunostaining, suggesting that Glut4 induction by DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin was NR4A1-dependent. We also observed that, in C2C12 cells treated with 5 and 10 mM DIM-C-pPhOH-3-Cl-5-OCH 3 or 1 and 5 mM metformin, the induction of Glut4 and NR4A1 mRNA and Phkg1, Pygm, and Pfkm (Figs. 3 and 4) was significantly decreased after knockdown of NR4A1 (Fig. 8A  and 8B ). Moreover, DIM-C-pPhOH-3-Cl-5-OCH 3 -and metformin-induced Glut4 and Rab4 proteins and activation of AMPK were also significantly decreased by NR4A1 knockdown (Fig. 8C) , and we also observed that siNR4A1 decreased basal and DIM-C-pPhOH-3-Cl-5-OCH 3 -induced glucose uptake in C2C12 cells (Fig. 8D ). These results demonstrate that the effects of Figure 4 . C-DIM/NR4A1 ligands and metformin induce glucose uptake and gene products associated with this response. C2C12 cells were treated with DMSO and (A) DIM-C-pPhOH, (B) DIM-C-pPhOH-3,5-Br 2 , (C) DIM-C-pPhOH-3-Cl, and (D) DIM-C-pPhOH-3-Cl-5-OCH 3 for 24 hours, and whole-cell lysates were analyzed by western blots. C2C12 cells were treated with (E) DIM-C-pPhOH-3-Cl-5-OCH 3 and (F) metformin for 6, 12, and 24 hours, and whole cell lysates were analyzed by western blots. (G) C2C12 cells were treated with C-DIM compounds and metformin for 24 hours, and glucose uptake in the cells was determined using the Glucose Uptake-Glo Assay Kit (Promega). Results are expressed as means 6 SE for at least three replicated determinations, significant (P , 0.05) glucose uptake is indicated (*), and glucose uptake in control cells was 1.0. (H) DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin treatment also induced GLUT1 expression as determined by western blot. (I) C2C12 cells were treated with DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin alone or in combination with 5 mM glutathione (GSH) for 12 hours, and whole-cell lysates were analyzed by western blots for sestrin 2. Met, metformin.
C-DIM/NR4A1 ligands and metformin on glucose metabolism and uptake in C2C12 cells are NR4A1-dependent.
Discussion
Diabetes is a highly progressive disease, and the current trend of increasing obesity coupled with a sedentary lifestyle has resulted in a parallel increase in the diagnosis of type II diabetes in many developed countries (35, 36) . Several antidiabetic drugs have been developed for treating type II diabetes, and the biguanide metformin has been one of the most successful glucose-lowering agents for treating this disease. Even patients with type I diabetes benefit from taking this drug (37) . Interestingly, individuals prescribed metformin exhibit decreased incidence of several cancers, and metformin exhibits both cancer chemopreventive and chemotherapeutic activities and is currently been evaluated for treating cancer patients after diagnosis (38) (39) (40) . Metformin-mediated antidiabetic and anticarcinogenic activities are complex and involve multiple pathways including inhibition of mammalian target of rapamycin pathways via activation of AMPK, inhibition glucagon action, and targeting mitochondrial genes/pathways (37, 38) .
The orphan NR NR4A1 and synthetic NR4A1 ligands also modulate serum glucose levels and key gluconeogenesis and glycolytic genes in the liver and muscle, respectively, in rodent models of obesity (14) (15) (16) 31) . Previous studies in this laboratory have identified C-DIMs as synthetic NR4A1 ligands for the NR (20), and Figure 5 . Role of AMPK in activation of GLUT4 and glycolytic genes. C2C12 cells were treated for 12 hours with AICAR alone (500 mM) or in combination with DIM-C-pPhOH-3-Cl-5-OCH 3 or metformin, and effects on (A) NR4A1, GLUT4, PHKG1, and PFKM and (B) PYGM mRNA levels were determined by real-time PCR. Results are means 6 SE (three replicates), and significant (P , 0.05) induction is indicated (*). (C) Cells were treated with AICAR, DIM-C-pPhOH-3-Cl-5-OCH 3 , and metformin (as described previously), and after 24 hours, whole cell lysates were analyzed in a western blot. Met, metformin.
in solid tumor-derived cell lines, the C-DIM/NR4A1 ligands antagonize or inactivate NR4A1-dependent prooncogenic activities. This study has focused on the potential effects of C-DIMs on glucose metabolism and uptake using C2C12 muscle cells as an in vitro model. This cell line is optimal for these studies because overexpression of NR4A1 in C2C12 cells induces Glut4 and glycolytic gene expression, and this is accompanied by increased glucose uptake (31) . Moreover, other genes/ pathways including NR4A1-dependent lipolysis, oxidative metabolism, and mitochondrial activity have also been characterized in C2C12 cells (15, 31, 41) . Metformin also exhibits antidiabetic activity in C2C12 cells, including induction of Glut4 and enhanced Glut4 membrane localization and glucose uptake (35) , and we therefore compared the effects of metformin to those observed for the NR4A1 ligand DIM-C-pPhOH (20) and three more potent buttressed analogs (30) .
Initial studies confirmed that NR4A1 overexpression induced Glut4 and several glycolytic genes, whereas DIM-C-pPhOH primarily induced only Phkg1, Pgam2, and Pygm in C2C12 cells (Fig. 1) . The three buttressed DIM-C-pPhOH (4-hydroxyphenyl) analogs DIM-CpPhOH-3-Cl, DIM-C-pPhOH-3-Cl-5-OCH 3 , and DIM-C-pPhOH-3,5-Br 2 contain one (3-), two, and two (3,5-) substituents, respectively, adjacent to the 4-hydroxyphenyl moiety and were more potent inducers of Glut4 and glycolytic genes than was DIM-C-pPhOH. These results are consistent with their potency in cancer cells in terms of functional activity (inhibition of tumor growth) and effects on expression of NR4A1-regulated genes (30) . Interestingly, there was considerable overlap between the C-DIM/NR4A1 ligands and metformin with respect to their induction of gene expression. For example, DIM-CpPhOH-3-Cl-5-OCH 3 and metformin induced NR4A1, Glut4, Phgk1, Pgam2, Pygm, Pfkm, and Gpd1, and only two genes (Eno3 and Aldo1) induced by metformin were not activated by the C-DIM compounds. DIM-C-pPhOH and the 3-chloro-and 3,5-dibromo analogs did not induce all metformin-activated genes (e.g., Aldo1, Eno3, and Gpd1), but, nevertheless, there was considerable overlap in the induction of glycolytic gene expression by metformin and the C-DIM/NR4A1 ligands. DIM-C-pPhOH binds NR4A1 and acts as an NR4A1 antagonist/inverse agonist in cancer cell lines, thereby inhibiting the prooncogenic function of NR4A1 in solid tumors. In contrast, NR4A1 plays a role in regulating expression of glucose-metabolizing genes and glucose uptake in C2C12 cells, and DIM-C-pPhOH and related buttressed analogs act as agonists to enhance NR4A1-dependent responses. The tissue-and response-specific agonist or antagonist activity of DIM-C-pPhOH has previously been observed for ligands of other NRs, and this is typified by tamoxifen, an estrogen receptor ligand. Like DIM-C-pPhOH, tamoxifen is both an estrogen receptor antagonist (breast tumor) and agonist (uterus) (42) , and the selective receptor modulator activity of DIM-C-pPhOH and tamoxifen is due to several factors, including tissue-specific differences in expression of cofactors and epigenetic-related differences in chromatin structure (43, 44) . We also observed induction of NR4A1 and Glut4 mRNA expression by both metformin and the C-DIM/NR4A1 ligands in C2C12 cells, and in an in vivo pilot study, we confirmed that DIM-C-pPhOH-3-Cl-5-OCH 3 (25 mg/kg/d) induced Glut4 mRNA in muscle from mice maintained on an HFD (Fig. 3F) .
Previous studies showed that metformin induced expression of Glut4 protein, activated AMPK and Rab4, which was important for Glut4 membrane translocation, and increased glucose uptake in C2C12 muscle cells (32) . Results in Figs. 3, 4 , and 6 confirm that metformin induces NR4A1, Glut4, and Rab4, and this is associated with increased Glut4 in the cell membrane and increased glucose uptake into the cells. Similar results were observed for the C-DIM/NR4A1 ligands, suggesting elements of a common mechanism of action for metformin and C-DIM/NR4A1 ligands.
Because overexpression of NR4A1 induced glycolytic genes and Glut4 and glucose uptake in C2C12 cells (31) , it was not unexpected that knockdown of NR4A1 (siNR4A1) inhibited these responses that were also induced by the C-DIM/NR4A1 ligands. However, knockdown of NR4A1 also inhibited these same metformin-induced responses, and induction of Rab4 and AMPK activation by metformin and C-DIMs were also inhibited after NR4A1 knockdown. Not surprisingly, the C-DIM/NR4A1 ligands also induced Glut4 and Glut4-dependent glucose uptake in C2C12 cells (Fig. 4) , and these responses were also inhibited after NR4A1 knockdown (Figs. 7 and 8 ). These results indicate that NR4A1 mediated the activity not only of C-DIMs, but also metformin in enhancing glucose metabolism and uptake in C2C12 cells. It has been reported that activation of AMPKa was critical for the antidiabetic activity of metformin (32) , and because both C-DIMs and metformin activate AMPK (Fig. 4) , we hypothesized that AMPKa activation was a critical upstream regulator of induced NR4A1 expression. This was supported by a time course study showing that metformin and DIM-C-pPhOH-3-Cl-5-OCH 3 induced activation of AMPK prior to induction of NR4A1 and other factors required for enhanced glucose uptake in C2C12 cells (Fig. 4) . These results were also consistent with the effects of AICAR, an AMPK activator (Fig. 5) . The mechanism of C-DIMs and metformin as activators of AMPK is unclear because we observed inconsistent results on their effects on mitochondrial respiration. Our results show that C-DIM/NR4A1 ligands activate AMPK, glucose metabolism genes, and glucose uptake in C2C12 cells, and these responses are NR4A1-dependent as evidenced Figure 7 . Confocal microscopic analysis of Glut4 induction and effects of NR4A1 knockdown. C2C12 cells were transfected with si-Ctl (nonspecific oligonucleotide) or siNR4A1. After 72 hours, cells were treated with DMSO (control), 10 mM DIM-C-pPhOH-3-Cl-5-OCH 3 , or 1 mM metformin. Cells were then fixed, immunostained with b-actin, Glut4 antibodies, and DAPI, merged, and analyzed by confocal microscopy. Figure 8 . NR4A1 knockdown attenuates the effects of DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin. C2C12 cells were transfected with si-Ctl (nonspecific oligonucleotide; white bar) or siNR4A1. After 72 hours, cells were treated with DIM-C-pPhOH-3-Cl-5-OCH 3 or metformin, and effects on (A) NR4A1/Glut4 and (B) glycolytic gene expression were determined. (C) C2C12 cells were treated as described in (A), and whole cell lysates were analyzed by western blots. (D) Cells were treated as described in (A-C), and effects of siNR4A1 on compound-induced glucose uptake were determined (glucose uptake in control cells was set at 1.0). (A, B, D) Results are expressed as means 6 SE for three replicate determinations. Significantly (P , 0.05) decreased activity due to NR4A1 knockdown is indicated (*). Conc, concentration.
by NR4A1 knockdown (Figs. 7 and 8 ). Previous studies show that C-DIM/NR4A1 ligands induce reactive oxygen species-dependent induction of sestrin 2, which activates AMPK (22) (23) (24) . We have also observed similar results in C2C12 cells where DIM-C-pPhOH-3-Cl-5-OCH 3 and metformin induce sestrin 2, and this response is blocked by glutathione (Fig. 4I) . These results are consistent with a ligand-induced NR4A1 → sestrin 2 → AMPK pathway for induction of glucose metabolism genes and glucose uptake in C2C12 cells. However, because these same responses are also induced by direct activation of AMPK by AICAR, it is possible that NR4A1-AMPK interactions may be more complex and involve feedback pathways, and these are currently being investigated. Thus, we demonstrate that C-DIM/NR4A1 ligands exhibit antidiabetic activity in C2C12 cells and also show that NR4A1 plays a critical role in the activity of C-DIMs and metformin in this cell line. The mechanisms associated with the antidiabetic activity of C-DIMs and metformin and the role of NR4A1 in mediating these responses in various cells/tissue associated with metabolic disease are currently being further investigated in both in vitro and in vivo models of metabolic disease.
